Introduction
Spinal reconstruction following trauma, tumor, infection, congenital abnormalities, degenerative diseases or dysplastic diseases of bone is possible with several types of materials: autograft, allograft or artificial implants. Each type of implant has its theoretical advantages and drawbacks in terms of effectiveness and ease of use.
The goals of surgical management of vertebral destruction remain the same whatever the technical means used for reconstruction. They include restoration of the normal morphology of the spine with adequate mechanical resistance and appropriate space for the neural structures. Normal spinal function should be obtained after surgery and maintained in the long term. Short-term results are mostly dependent on technical factors: decompression if needed, adequate spinal morphology, and solid osteosynthesis. The long-term maintenance of a good immediate postoperative result is dependent on a solid and lasting mechanical continuity between the host bone and the reconstructed area. Solid bony fusion appears to be the most reliable means to achieve this goal, but fibrous union may also provide a long-term favorable clinical outcome [6] . Durable fixation by a mechanical interlock between the host bone and an artificial implant is an alternative soluAbstract Reconstruction of large anterior vertebral column defects is indicated in a number of pathological conditions including tumor, infection, trauma and post-traumatic deformity. Several substitutes and techniques are available for the functional restoration of the vertebral column. Vascularized bone transfers, autografts, allografts or xenografts have been used, as well as metal or ceramic implants. All of these bear potential advantages and drawbacks in terms of associated morbidity of graft harvesting, disease transmission, mechanical failure, implant incorporation and overall long-term clinical outcome. In the present paper we report our experience with the use of freeze-dried, gamma-irradiated, cortical allograft for the reconstruction of large, anterior segmental defects of the spine, involving at least one vertebral body with its two adjacent discs. Cortical allografts were used in 67 cases operated for a variety of conditions. No case of disease transmission, infection or long-term mechanical graft failure occurred in our entire series, with a mean follow-up of 31 months. Fusion and mechanical stability was reliably obtained. Specific advantages include the absence of donor site morbidity, the possibilities for exact trimming to the size of the defect, superior mechanical strength as compared to available autograft, and reliable fusion with the host bone with partial bone remodeling, preventing fatigue failure. We conclude that freeze-dried, irradiated cortical allografts are safe and effective for anterior reconstruction of the spine.
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Autograft yields very high rates of fusion, as long as mechanical stability is provided along with appropriate preparation of the adjacent end plates. However, in anterior vertebral reconstruction involving at least one vertebral body and its adjacent discs in the thoracic or lumbar spine, the size of the defect to be filled necessitates the harvesting of a large amount of autograft, often associated with a significant morbidity at the graft harvesting site(s) [3] . Furthermore, the mechanical resistance of such a large reconstruction with autograft is usually not sufficient to allow full weight bearing without a corset until several months after surgery, and is associated with a risk of graft fracture.
The safety and effectiveness of allografts, regarding disease transmission, mechanical resistance, and fusion, has often been questioned [4, 12] . Several authors have reported good long-term results with the use of cortical ring allografts for anterior interbody fusion [5, 9, 10, 11] , but reports about the long-term results of reconstruction with cortical allograft of large, structural defects involving at least one vertebral body with its adjacent discs are limited [8, 11] .
In the present paper we report our experience with freeze-dried, irradiated, cortical allografts used for the reconstruction of large anterior segmental defects of the spine in various conditions.
Materials and methods

Patient description
From April 1989 to December 1999, vertebral resection including at least one vertebral body with the two adjacent discs was carried out 67 times in 64 patients, followed by reconstruction with cortical allograft.
Indication for corpectomy (n=57) or vertebrectomy (n=10) included a variety of conditions (Table 1) . Trauma or post-traumatic kyphosis, primary tumor and metastatic disease were the most frequent indications.
The location was in the cervical spine in 12 cases, in the thoracic spine in 19 cases, at the thoraco-lumbar junction in 21 cases and in the lumbar spine in 14 cases. In one case, a total sacrectomy was carried out. Age at surgery ranged from 3 to 74 years (mean: 45, median: 47).
Cortical allograft
Segmental cortical allografts are obtained from the UCL St-Luc Academic Hospital Bone Bank. The bones are procured during multiorgan harvesting according to the most recent standards of the American Association of Tissues Banks [1] .
Long bones are cut and freed of all soft tissues. Further physical and chemical treatment includes washing, lipid extraction in chloroform and methanol, prion inactivation, freeze drying, packaging and sterilization by 2.5-Gy gamma irradiation.
For reconstruction in the thoracic and lumbar spine, grafts obtained from the femoral shaft were mostly used, whereas for the cervical spine, segments of the radius, ulna or fibula are used. During surgery, after careful preparation of the end plates above and below the defect, the gap is precisely measured with a paper template. A segment of diaphysis is exactly cut according to the template.
Filling of the medullary cavity of the allograft: use of autograft In 41 cases, the medullary cavity of the cortical allograft was filled with autologous bone, locally available. Either rib fragments or, in traumatic or degenerative cases, cancellous bone from the vertebral body that had to be resected was used. Cancellous allograft can be used instead. In five cases of metastatic disease, acrylic cement was injected into the medullary cavity of the allograft.
Osteosynthesis
Anterior plating was used in cervical reconstruction. In the thoracic spine, either no osteosynthesis or anterior plating or posterior fixation was used. In the thoraco-lumbar and lumbar spine, posterior osteosynthesis was carried out and associated with anterior plating in 15 cases. In one pediatric case, only anterior plating was used after L3 vertebrectomy. In most cases, arthrodesis and instrumentation was limited to the level above and below. Only in some cases of total vertebrectomy or extended associated pathology was the fusion extended more than one level above and below the resection.
Extent of reconstruction
One-level resection with adjacent discs was carried out in 59 cases. Reconstruction on two or more levels was performed nine times in the thoracic or lumbar spine.
Radiological assessment
Solid and rigid mechanical continuity between the host site and the reconstruction implant appears to be the paramount factor for longterm success. When using bone grafts, this is synonymous with bony fusion. However, the radiological aspect does not always allow solid fusion to be confirmed or negated. Therefore, we must also consider a number of indirect criteria suggesting strong and stable incorporation of the graft.
Radiological aspects strongly suggesting solid fusion include: • Graft remodeling • Graft density modifications • Apparent bony continuity in all radiological incidences Indirect criteria for solid and stable reconstruction include:
• Absence of loss of correction or progressive deformity • Absence of radiolucency around osteosynthesis screws • No hardware breakage S154 Modifications in the adjacent vertebrae must be evaluated, like bone density modifications, resorption, and compression fractures. The radiographic documents were evaluated by two independent observers (E.Ma. and A.F.).
Results
No infection was encountered in this series of vertebral reconstructions.
Seven patients died within 6 months after surgery from systemic disease; four of these had regained good function. Six patients were lost to follow-up after less than 4 months and could not be evaluated regarding fusion or outcome. Therefore, 54 cases were evaluated, with a mean radiological follow-up of 31.1 months (range 4-120 months, median 24 months). The radiological follow-up in this series is reported in Table 2 .
Fusion was rated as certain in 33 cases (Fig. 1) , and as most likely in 10 cases. Of the 11 remaining cases, 1 patient had a true pseudarthrosis with loss of correction and 5 had a fibrous union without loss of correction or graft displacement. Radiographic follow-up was less then 9 months in 3 of these. Five grafts with cement could not be well evaluated regarding fusion. None had a loss of correction. Significant graft resorption occurred in one case without clinical consequence.
In six cases, an early loss of correction was observed because of insufficient fixation. This led, in five cases, to addition or extension of posterior instrumentation in order to restore stability. Of note is the fact that the initial displacement of the graft did not preclude fusion in any case (Fig. 2) .
One patient with a chordoma of the second lumbar vertebra had to be re-operated for recurrent disease, 19 months after the index surgery. Secondary posterior fixation had to be carried out 2 weeks after the index surgery because of a fracture of the vertebral body below. This had resulted in some graft displacement. Despite this and the fact that the patient underwent high-dose radiotherapy on the surgical site, the allograft appeared perfectly incorporated and strongly united to the adjacent vertebral bodies. En bloc resection involving the graft/host junctions was carried out, allowing microscopic analysis of the material. Extensive incorporation was documented with bone remodeling involving the periphery of the allograft (Fig. 3) .
After several months of normal function, progressive sinking into the vertebra below occurred in two patients who had received high-dose radiotherapy postoperatively. This led to repeat surgery in one case. 
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Discussion
According to the results of this study, washed, lipid-extracted, freeze-dried, gamma-irradiated cortical allografts appears to be an effective material for reconstruction of large anterior vertebral defects related to a variety of pathological conditions. So long as it is obtained from a bone bank implementing all the recommendations of the European Association of Musculo-skeletal Tissue Banks or equivalent bodies in other parts of the world, this material appears perfectly safe in terms of disease transmission. In our whole series of patients where anterior cortical allograft was used for either vertebral reconstruction or interbody fusion, which represents a further 80 cases, we had no single case of documented or suspected infection or transmission of disease.
The biology of bony incorporation of the allograft may be affected by the different physical and chemical procedures the material is submitted to, including washing, lipid extraction, conservation means and, in particular, sterilization. This may explain some less favorable results that have been reported with some types of allograft [2, 4] . The anterior location, associated with a weight-bearing situation, appears as a favorable factor regarding the incorporation of a cortical allograft [7] . While resorption of cancellous allograft has been reported with a rather high frequency, this observation is seldom reported with cortical allografts [2] . Of course the surgical technique is an important variable, which is often difficult to evaluate and may significantly affect the results. Careful preparation of the end plates until the appearance of dense, bleeding subchondral bone and appropriate osteosynthesis is mandatory.
The large surface area of the cylindrical cortical allograft in contact with the host bone is another favorable feature regarding fusion. The addition of locally available autograft in the medullary cavity and around the graft is obviously contributive to fusion promotion. Fusion is, however, reliably obtained without the addition of autograft, but the medullary cavity should be filled with cancellous allograft, or cement, in patients with a short life expectancy, in order to provide a large surface area for load transmission at the graft-to-host interface.
Secondary displacement or loss of correction, which occurred in some cases, was the consequence of technical errors such as insufficient osteosynthesis or graft misplacement. According to our experience, one level above and one level below transpedicular fixation is sufficient in the lumbar spine if the posterior elements are preserved along with the anterior longitudinal ligament. In cases of total vertebrectomy or disruption of the anterior and posterior elements, instrumentation should be front and back, or if only posterior, it should be extended two levels above and below the resection.
The morphological analysis of a graft harvested 19 months after an implantation that was followed by high-dose radiotherapy indicates that the allograft becomes fully incorporated and undergoes a slow and partial remodeling process by creeping substitution (Fig. 3) . This is further suggested by the repeated radiographic appearance of graft remodeling in the present series, which is also reported by other authors [8, 11] (Fig. 1, Fig. 2 ). The partial revascularization and bone remodeling of the graft contributes to prevention of fatigue fracture of the reconstructed area. Fig. 3 Microradiograph of a graft removed 19 months after surgery for chordoma followed by high-dose radiotherapy. Bone formation is visible on the surface of the allograft as well as allograft remodelling at the host-graft junction
